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Studies of renal injury IV: The GLUT1 gene protects renal cells anaerobic glycolysis [3, 4]. This adaptation protects tubu-
from cyclosporine A toxicity. lar viability and even transport function [1, 2]. However,
Background. Renal cells activate the GLUT1 gene when ex- since the yield of ATP is relatively low, higher rates ofposed to stress. This response promotes glucose influx and gly-
glucose influx are required to support cell function [1–4].colysis, which protects cells and preserves viability. We tested
Renal [5] and other cells [3, 4, 6–8] increase glucose influxthe hypothesis that cytotoxicity from cyclosporine A (CsA), a
valuable but nephrotoxic immunosuppressor, also activated the by up-regulating the expression of low Km GLUT1 trans-
GLUT1 gene. porters [9, 10]. In renal cells, this response is critical for
Methods and Results. GLUT1 nuclear transcription was in- surviving massive Ca2 overload [5], and is the main rea-creased in LLCPK1 cells injured with CsA, 105 mol/L or more
son why GLUT1 is considered a stress response gene [5, 8].for 24 hours, with increases of GLUT1 mRNA and protein lev-
The cellular regulation of the GLUT1 gene includesels, resulting in greater glucose consumption and glycolysis.
The integrated stress response to CsA toxicity was cytoprotec- transcriptional and post-transcriptional mechanisms. For
tive, as blockade of glucose influx and glycolysis with 104 mol/L example, GLUT1 transcription is activated by cellular
phloretin magnified CsA toxicity. Remarkably, whereas phlor-
Ca2 loads [5], hypoxia [11–13], and by ATP deple-etin reduced GLUT1 transcription, it still increased GLUT1
tion with uncoupling of oxidative phosphorylation [14].protein and mRNA levels, and even amplified their responses
to CsA. Interestingly, intracellular pH was preserved despite GLUT1 expression also is regulated by changes in
of greater lactic acid production in the face of Na/H exchange GLUT1 mRNA stability [15], particularly in hypoxic
inhibition from CsA toxicity. However, further inhibition of stress [16, 17]. Dual regulation, that is, transcriptionalNa/H exchange with amiloride greatly magnified CsA toxic-
and post-transcriptional, of GLUT1 has been describedity and GLUT1 gene transcription.
under the extreme conditions of uncoupled oxidativeConclusion. Activation of the GLUT1 gene during renal
cell injury is mediated by at least two redundant systems. CsA phosphorylation [14]. Hence, hypoxic stress activates
stimulates GLUT1 gene transcription when membrane trans- GLUT1 gene transcription, but when oxidative phos-
port delivers glucose to the cell. However, when glucose deliv-
phorylation also is inhibited, higher GLUT1 mRNA lev-ery is compromised, GLUT1 gene expression is still supported
els are sustained by a post-transcriptional mechanismby alternative mechanisms that remain operational even after
cellular energy metabolism is compromised further by inhibi- [18]. This dual regulation underscores the critical impor-
tion of glucose and glycolytic fluxes. tance of GLUT1 expression during cell stress. In further
support of this concept are our observations that renal
cell injury from aminoglycoside [19] and Ca2 ionophore
When renal cell injury jeopardizes oxidative phos- [5] activate the GLUT1 gene. Our current study shows
phorylation, glycolysis becomes an important pathway that expression of the GLUT1 gene and accompanying
for substrate utilization [1–4]. For example, renal proxi- glycolysis is also protective from cyclosporine A (CsA)
mal tubules subjected to hypoxic stress switch from aero- cytotoxicity in renal cells. This life-preserving adaptive
bic to glycolytic metabolism [1, 2], assuring tubular pro- response is mediated by redundant transcriptional and
duction of adenosine 5-triphosphate (ATP) through post-transcriptional systems.
Key words: acute renal failure, glucose transport, cytotoxicity, nephro- METHODS
toxicity, immunosuppression.
Renal epithelial cells and culture conditions
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The porcine proximal tubule-like cell line LLC-PK1and in revised form November 28, 2001
Accepted for publication March 4, 2002 (ATCC CRL 1392) express the Na-glucose cotrans-
porter 1 in their apical surface [20], whereas the only 2002 by the International Society of Nephrology
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facilitative glucose transporter expressed in their baso- oxymethyl ester (BCECF, AM) dissolved in a solution con-
taining NaCl 140 mmol/L, K2HPO4 0.8 mmol/L, KH2 PO4lateral surface is GLUT1 [10, 21]. LLC-PK1 cells cloned
from a single cotransfected cell (heretofore designated 0.2 mmol/L, CaCl2 1.0 mmol/L, MgCl2 1.0 mmol/L, HEPES
10 mmol/L, and glucose 5 mmol/L, pH 7.4 (solution A).LLCPK1-GPCAT-a cells, see description later in this article)
were cultured on 100 mm culture-grade plastic dishes in pHi, was measured in BECF-loaded LLC-PK1-GPCAT-a cells
by positioning each cell-covered coverslip in a cuvettenutrient -modified Eagle medium (MEM) supple-
mented with 2 mmol/L glutamine, 10% fetal calf serum inside the thermostatically holding chamber (37C) of a
Delta Scan dual excitation spectrofluorometer (Photon(FCS), and 5.5 mmol/L glucose, unless indicated other-
wise. The glucose concentration in the medium was mon- Technology Instruments, South Brunswick, NJ, USA).
The LLCPK1-GPCAT-a cell monolayer was continuously per-itored with a glucose electrode, and the medium was
replenished every day. fused during BECF light excitation at wavelengths of
500 and 450 nmol/L, while the 525 nmol/L light emissionThe experiments were conducted on confluent cells,
except for specific protocols described in the Results was recorded. The pHi was then calculated from in vitro
calibration curves generated by the KCl/nigericin tech-section. LLCPK1-GPCAT-a cells were placed in media con-
taining either vehicle (0.1% dimethyl sulfoxide, DMSO) nique [23, 24]. Na/H exchange activity was determined
as the initial rate of pHi recovery (dpHi /dt, that is, pH/or experimental agents for 24 hours. The cells were
washed with phosphate-buffered saline (PBS) at the con- min) following an acid load induced by NH3 /NH

4 with-
drawal in solution A with 50 mol/L diethylstilbestrolclusion of the experimental manipulations, scraped off
the plastic, and processed. One third of the cell mass (DES) added to inhibit H-ATPase activity [23].
was homogenized on ice with a glass/Teflon homogenizer
Measurements of cellular and medium LDH levelsin TES-PI buffer containing (in mmol/L): Tris-HCl 20,
sucrose 255, and EDTA (ethylenediamine-tetraacetate) Lactic dehydrogenase (LDH) levels were measured
in LLCPK1-GPCAT-a cells cultured in MEM with 5 mmol/L1; plus leupeptin 5g/mL, pepstatin 5g/mL, and aproti-
nin, 5 g/mL, pH 7.4. The other third was saved for glucose and 10 mol/L phlorizin [25]. Total LDH pro-
duced in each culture dish, representing the sum of intra-mRNA measurements, and the remaining third for pro-
tein analysis [22]. cellular LDH plus LDH released into the culture media,
was determined. LDH released in the medium was calcu-
Measurements of glucose and lactate in lated as: (medium LDH/total LDH) 100 and expressed
culture medium as % LDH released.
Six groups of confluent LLCPK1-GPCAT-a cells (35 mm
Western blot analysisdiameter dishes) were exposed to either 0.1% DMSO
(vehicle) or CsA for up to 24-hour periods. The cells were LLCPK1-GPCAT-a cells were homogenized on ice with
a glass/Teflon homogenizer in TES-PI buffer. The cellcultured in MEM with 5 mmol/L glucose, 2 mmol/L
glutamine, and 10 mol/L phlorizin (added to reduce homogenates were solubilized in Laemmli sample buffer
and analyzed by sodium dodecyl sulfate-polyacrylamideglucose influx through the Na/glucose cotransporter)
[21]. In some experiments, 0.1 mmol/L phloretin also was gel electrophoresis (SDS-PAGE) on 1.5 mm slab gels
containing 8% polyacrylamide [26]. The proteins wereincluded in the culture media to inhibit facilitative glu-
cose flux through GLUT1 [9]. At the end of each time electrophoretically transferred to nitrocellulose [27], and
reacted with specific polyclonal antibody raised in rabbitsperiod the culture medium was aspirated, centrifuged
(16,000  g, 5 min, 4C), and analyzed immediately for against a synthetic peptide consisting of the last 12 amino
acids at the COOH end of the rat GLUT1 protein (Eastglucose and lactate concentrations with a YSI 2300 STAT
glucose/lactate analyzer (Yellow Springs Instruments, Acres Biologicals, Southbridge, MA, USA) [28]. The
cross-reacting protein was identified with 125I-protein A,Yellow Springs, OH, USA).
followed by autoradiography and quantitated on the
Measurements of intracellular pH membranes by  radioactivity scanning (AMBIS; San
Diego, CA, USA).Intracellular steady-state pH (pHi) and Na/Hexchange
activity were measured by fluorometry in LLCPK1-GPCAT-a
Northern and dot blot analysiscells as previously described [23, 24]. pHi measurements
were conducted on confluent LLCPK1-GPCAT-a grown on LLCPK1-GPCAT-a cells were disrupted in 10 mL of a solu-
tion containing 4 mol/L guanidinium isothiocynate, 25glass coverslips, and cultured in media containing either
vehicle (0.1% DMSO), CsA 105 mol/L, amiloride 103 mmol/L Na citrate (pH 7.0), 0.5% sarkosyl, and 0.7%
-mercaptoethanol. Total RNA was recovered (by add-mol/L, or CsA 105 mol/L plus amiloride 103 mol/L, for
24 hours prior to pHi measurements. LLCPK1-GPCAT-a cells ing 0.5 mL of 2 mol/L potassium acetate, pH 5.5, and
0.8 mL of 1 mol/L acetic acid, plus 7.5 mL of ethanol atwere loaded for one hour at 37C with 5 mol/L 2,7-
bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acet- 20C overnight) and dissolved in DEPC-treated H2O.
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RNA quantity and purity were assessed by spectropho- driven by the simian virus 40 early promoter (SV pro-
moter) [38, 39]. The transfected LLC-PK1 cells weretometry at 260/280 nmol/L wavelength [29]. Twenty mi-
grown for an additional 72 hours, and then cultured incrograms of RNA were denatured in formaldehyde and
MEM with G418 (Genetecin; Boehringer Mannheimsize-fractionated on 1% agarose gels, where integrity and
Biochemicals, Indianapolis, IN, USA), 2 mg/mL. Afterrelative amounts of RNA were checked with UV light.
60 days in selection culture, 100 surviving colonies, eachThe mRNA was then transferred to “Nytran” nylon mem-
originating from a single LLCPK1 cell, were screenedbranes by capillarity (Schleicher and Schuell, Keene,
for CAT activity and three cell clones were found toNH, USA) and measured on Northern blots [30]. mRNA
manifest CAT activity, which increased after the additionfrom rat tubules also was measured on dot blots ac-
of 10 mol/L A23187 for four hours [5]. This responsecording to the manufacturer’s instructions (Schleicher
was consistent with activation of the GLUT1 promotor,and Schuell). Twenty micrograms of RNA was dissolved
as previously described in LLCPK1 cells transientlyin 100 L of DEPC water with 200 L of 6.15 mol/L
transfected with pGPCAT333 [5]. All experiments re-formaldehyde plus 5  standard sodium citrate (SSC;
ported here were conducted in one of these three cell1  SSC is 150 mmol/L NaCl and 15 mmol/L Na-citrate,
lines (LLCPK1-GPCAT-a). This cell line has maintained thepH 7.0), and then blotted using vacuum on “Nytran”
same rate of CAT activity for a year. LLCPK1-GPCAT-a cellsnylon membranes [30], rinsed under vacuum with 5  were grown to confluence in MEM with G418, 200
SSC, dried and baked (80C for 2 hours) under vacuum.
g/mL. For positive control of enzyme activity, wild-
RNA on the membranes was hybridized [29] at high type LLCPK1 cells were transiently transfected withstringency (50% formamide, 2  Denhardt’s solution, pRSVCAT [39] by the calcium/phosphate protocol as
1% SDS, 5 SSC, and salmon sperm DNA, 100 g/mL, described [5]. The lysates from these cells were analyzed
at 42C) to porcine GLUT1 cDNA [10, 31, 32] and then for CAT enzyme activity in conjunction with lysates from
to rat 28S rRNA [33], both labeled with 32P-ATP to a LLCPK1-GPCAT-a cells [5]. To measure the enzymatic activ-
specific activity of 0.5 to 1 109 cpm/g by the oligolabel- ity of CAT in transfected cells, 1 mL of cell lysis buffer
ing method [34]. The membranes were washed in 0.2% (Promega, Madison, WI, USA) was added to each cul-
SDS and 0.1 SSC at 52C and exposed to Kodak XAR-5 ture dish, after 15 minutes the cells were scraped off
film at 70C with a Cronex (DuPont, Wilmington, DE, and centrifuged (12,000  g, 5 min). CAT activity was
USA) intensifying screen. Cross hybridizing mRNAs measured in 60 to 80 L aliquots of cell lysate with 50
were depicted by autoradiography and then quantitated L of 1 mol/L Tris, pH 8.0; 10L of 14C-chloramphenicol,
on the membranes by  radioactivity scanning (AMBIS). 0.1 Ci; and 20 L of 20 mmol/L acetyl CoA [38]. The
reaction was conducted for two to four hours at 37C,
pGPCAT333 construct and 14C-chloramphenicol plus its acetylated metabolites
were extracted with 900 L of ethyl acetate and vacuumpGPCAT333 was designed by us to measure the tran-
dried. The sample was resuspended with 30 L of ethylscriptional activity of the GLUT1 gene in vivo [5]. The
acetate, and 15 L were spotted on a thin layer chroma-1634 HindIII-BamHI fragment containing the chloram-
tography plate, resolved with chloroform:methanol (95:5)phenicol acetyltransferase (CAT) gene was isolated from
and quantitated by  radioactivity scanning with anpSV2CAT [33] and subcloned into pUC19 [36]. The re-
AMBIS  scanner. CAT activity was expressed as per-sulting plasmid was pUCAT. pGPCAT333 was engineered
cent conversion of total 14C-chloramphenicol to the monoby subcloning into pUCAT the last 333 bp of the rat
and diacetylated forms [38].GLUT1 promoter fragment, located within the restric-
tion sites 5 SmaI and 3 XhoI [37], in the 5 flanking Materials
region of the GLUT1 gene. The rat GLUT1 promoter
Bovine serum albumin (BSA) and 14C-chlorampheni-fragment was isolated from a 2.1 kb promoter segment
col were from ICN Biomedicals (Irvine, CA, USA).donated to us by Dr. Morris Birnbaum [37]. The 333 bp 32P-dCTP, and 125I-protein A were from Dupont-New En-
GLUT1 promoter fragment was subcloned in a 5→3 gland Nuclear (Boston, MA, USA). Aprotinin, -mercap-
orientation immediately upstream from the CAT gene [5]. toethanol, calyculin A, formamide, Denhardt’s solution,
SDS, guanidinium isothiocyanate, leupeptin, pepstatin,Measurements of GLUT1 gene transcription in vivo
Percoll, sodium citrate, sarcosyl, cyclosporine A, and del-
A stable transfectant LLCPK1 cell line expressing the tamethotropin were from Sigma Chemical Co. (St. Louis,
activity of transfected pGPCAT333 was developed in se- MO, USA). Pefabloc SC was from Boehringer Mannheim.
lection medium. LLC-PK1 cells, 30 to 50% confluent, The nitrocellulose and nylon membranes were from Schlei-
were co-transfected by the calcium phosphate precipi- cher and Schuell. Rabbit antibody to rat GLUT1 was
tation method (protocol 9.1.1) [38] with pGPCAT333 (20 purchased from East Acres Biologicals. 2,7-bis-(2-car-
g/100 mm dish) and pRSVneo (1 g/100 mm dish, boxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl
ATCC #37198), a pBR322-based plasmid that contains ester (BCECF, AM) was from Molecular probes (Eu-
gene, OR, USA). The  scanner was from AMBIS.the aminoglycoside phosphotransferase selection gene
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tration of CsA tested (Fig. 1). Cell glycolysis was also
stimulated in injured cells, as indicated by concurrent
increases in glucose consumption, lactate production,
and LDH release (Table 1). Basal glucose consumption
and lactate production were proportionally reduced by
104 mol/L phloretin, a competitive inhibitor of GLUT1
transport [5]. It is noteworthy that exposure to only
phloretin for 24 hours was not cytotoxic. However, when
phloretin was added to CsA during the 24-hour interval,
activation of cell glucose consumption and lactate pro-
duction were suppressed, and cytotoxicity was markedly
enhanced (Table 1). These data show that the cytotoxic
effect of CsA is linked to activation of glucose uptake
and glycolysis, which afford significant cytoprotection to
injured LLCPK1-GPCAT-a cells.
CsA toxicity and GLUT1 transporter number
To investigate if the increase in glucose consumption
was accompanied by a higher level of GLUT1 transport-
ers in cells exposed to CsA, LLCPK1-GPCAT-a cells were
cultured with vehicle (0.1% DMSO), 104 to 106 mol/L
CsA, 104 mol/L phloretin, and 105 mol/L CsA in the
presence of 104 mol/L phloretin for 24 hours. Total cell-
ular proteins were size-fractionated by polyacrylamide
gel electrophoresis (PAGE), immobilized on nitrocellu-
lose filters, and reacted with specific GLUT1 antibody
followed by 125I-protein A. GLUT1 protein migrated as
a broad band of about 48 kD (Fig. 2). From these repre-Fig. 1. Dose-response of cyclosporine A (CsA) in LLCPK1-GPCAT-a cells.
The plots illustrate the relationship between medium concentration of sentative immunoblots it appeared that CsA increased
CsA and percent of cell lactic dehydrogenase (LDH) released (A) and the level of GLUT1 transporters. Interestingly, GLUT1
medium glucose consumed (B) in 24 hours, N 	 3 for each.
transporter number was also higher in LLCPK1-GPCAT-a
cells cultured with 104 mol/L phloretin. Moreover, the
simultaneous addition of phloretin and CsA resulted in
even higher numbers of GLUT1 transporters. TheseStatistical analysis
findings were confirmed by  radioactivity scanning ofThe data are expressed as mean 
 SEM. Statistical
the blots in all subsequent experiments (Table 2).differences between groups were calculated with the Stu-
dent t test for unpaired groups and analysis of variance
CsA and GLUT1 mRNA levels(ANOVA) with the Bonferroni t test.
GLUT1 mRNA levels were also measured in the same
six groups of LLCPK1-GPCAT-a cells (104 to 106 mol/L
RESULTS CsA, 104 mol/L phloretin, and 105 mol/L CsA with
Glucose transport, glycolysis, and cytotoxicity 104 mol/L phloretin). Total RNA was isolated, size-
caused by CsA fractionated by agarose gel electrophoresis, transferred
to nylon membranes, and hybridized sequentially underTo test the stimulatory effect of CsA on the GLUT1
high stringency conditions with 32P-labeled GLUT1 andgene, experiments were conducted on cloned LLCPK1
28S rRNA cDNA probes. GLUT1 mRNA levels in-cells. This cell line is a model of proximal tubule cells,
creased following exposure to CsA or phloretin. Further-expresses GLUT1 [5] and accumulates CsA [40].
more, when LLCPK1-GPCAT-a cells were cultured in the com-Cyclosporine A was cytotoxic in LLCPK1-GPCAT-a cells
bined presence of CsA and phloretin, GLUT1 mRNAexposed to 105, 2.5  105 mol/L, and 5  105 mol/L
increased even more (Fig. 3). GLUT1 mRNA levels wereCsA for 24 hours released more cellular lactate dehy-
normalized to the content of 28S rRNA measured ondrogenase (LDH) than cells exposed to vehicle (0.1%
the same membranes and expressed as GLUT1 mRNA/DMSO; Fig. 1). Glucose consumption was also increased,
although it appeared to decline with the highest concen- 28S rRNA  100 (Table 2).
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Table 1. Effect of cyclosporine A on glycolysis and cytotoxicity, and the inhibition of GLUT1 transport function with phloretin
Parameter Control Phloretin CsA CsA and phloretin
Glucose consumption mmol/L 2.20
0.03 1.35
0.15a 2.98
0.09a 0.94
0.28ab
Lactate production mmol/L 2.58
0.06 1.75
0.15a 4.10
0.14a 1.44
0.29ab
% LDH released 5.48
0.24 5.84
0.27 12.95
1.01a 27.20
5.23ab
Control 	 0.1% DMSO; CsA 	 10 mol/L cyclosporine A; phloretin 	 0.1 mmol/L phloretin.
The experimental values are significantly different from either controla or CSA aloneb, P  0.05
Fig. 2. Western blot analysis of GLUT1 protein detected in homoge-
nates of LLC-PK1-GPCAT-a cells. GLUT1 was detected following size-
Fig. 3. Northern blot analysis of mRNA encoding the GLUT1 genefractionation of cell proteins (100 g) by immunoblotting with GLUT1
in LLC-PK1-GPCAT-a cells. Total RNA was extracted from six groups ofantibody. Cell protein from six separate groups of cells was included:
cells: control (1); exposed to CsA, 100 mol/L (2), 10 mol/L (3), andcontrol (1); exposed to CsA, 100mol/L (2), 10mol/L (3), and 1mol/L
1 mol/L (4); or 100 mol/L phloretin (5), and 100 mol/L phloretin(4); or 100 mol/L phloretin (5); and 100 mol/L phloretin with 10
with 10 mol/L CsA [6]. Twenty micrograms of cell RNA were loadedmol/L CsA (6). GLUT1 protein levels increased after exposure to
on each lane, and high stringency hybridization was performed withCsA (100 and 10 mol/L), phloretin, and phloretin plus CsA (Table 2).
32P-dCTP labeled cDNA encoding porcine GLUT1. The levels ofThe positive control is rat brain. The figure is representative of 3 sepa-
GLUT1 mRNA increased after exposure to CsA (100 and 10 mol/L),rate Western blots from 3 experiments.
phloretin, and phloretin plus cyclosporine (Table 2). The figure is repre-
sentative of 3 separate Northern blots from 3 experiments.
Table 2. Effect of cyclosporine A on the levels of GLUT1 protein and mRNA in LLCPK1-GPCAT-a cells
Condition GLUT1 protein GLUT1 mRNA/28s rRNA
Control 1.0 33
2
CsA
1 umol/L 1.37
0.15 35
1
10 umol/L 2.47
0.66a 48
2a
100 umol/L 2.25
0.32a 80
4a
Phloretin 100 umol/L 2.72
0.73a 92
6a
Phloretin 100 umol/L  CsA 10 umol/L 5.44
0.48 126
5a
Control 	 0.1% DMSO; CsA 	 cyclosporine A. GLUT1 protein levels are expressed as fold increase from control. The data summarize three independent
Western blots. GLUT1 mRNA levels are expressed as the ratio of GLUT1 mRNA normalized to the content of 28S rRNA, measured on the same membranes
(GLUT1 mRNA/28S rRNA)  100. The data summarize three independent Northern blots.
The experimental values are significantly greater than control a P  0.05 (ANOVA)
CsA and GLUT1 gene transcription transfected LLCPK1 cells. For example, in cells exposed
to 10 mol/L A23187 for four hours, and then to 0.1%We then tested whether CsA also stimulated GLUT1
DMSO (vehicle) for 20 more hours, pGPCAT333 activitygene transcription. These experiments were conducted
increased 1.52 
 0.05-fold over the respective controlson cloned LLCPK1-GPCAT-a cells that were permanently
(P 0.05). In a third group of cells exposed to 10 mol/Ltransfected with pGPCAT333, a construct that reports the
CsA for 24 hours, CAT activity increased 2.02 
activity of a 333 bp proximal GLUT1 promoter, located
0.02-fold (P  0.05, compared to control). In a fourthin the 5 flanking region of the GLUT1 gene, and con-
group of cells, CAT activity increased 3.22 
 0.13-foldtaining the transcription initiation site (Methods section)
when first exposed for four hours to 10 mol/L A23187[5, 37]. LLCPK1-GPCAT-a cells also were co-transfected with
plus 10 mol/L CsA, and then for 20 more hours to onlypRSVNeo, a selection plasmid that induces cell resis-
10 mol/L CsA (P  0.05, compared to control andtance to G418. Figure 4 shows that two unrelated cal-
A23187 groups; Fig. 5 and Table 3).cineurin inhibitors, CsA [41] and deltamethotropin [42],
Since the glucose transporter inhibitor phloretin,were cytotoxic and increased GLUT1 promoter activity,
104 mol/L, increased GLUT1 mRNA and protein levels,although on molar basis, CsA appeared to be more cyto-
we tested the effect 104 mol/L phloretin on GLUT1toxic, and a superior activator of GLUT 1 transcription.
gene transcription in LLCPK1-GPCAT-a cells without or withFigure 5 shows that our stable transfectant cells had
similar responses to a Ca2 ionophore [5] than acutely CsA 105 mol/L for 24 hours. In marked contrast to its
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Fig. 4. Dose-response of the calcineurin inhibitors CsA and delta-
methotropin on cytotoxicity and GLUT1 gene transcription in LLC-
PK1-GPCAT-a cells. Controls () and incremental addition of cyclosporine
A [CsA; 10 () and 50 ( )mol/L] was cytotoxic (% cell LDH released,
A) and activated GLUT1 gene transcription (% conversion of labeled
chloramphenicol, CAT activity, B) in proportion. Deltamethotropin [50
( ) and 100 ( ) mol/L] was only cytotoxic (A) and activated GLUT1
transcription (B) at the highest level. The plots are values from three
independent experiments.
Fig. 5. Plot of chloramphenicol acetyltransferase (CAT) activity as-
sessed by radioactivity scanning. Findings in three independent experi-
ments were expressed as the fold increase from CAT basal activity in
stimulating effect on GLUT1 mRNA and protein levels, lysates of the stable transfectant cell line LLCPK1-GPCAT-a. Basal CAT
enzymatic activity (DMSO) increased in LLCPK1-GPCAT-a cells exposedphloretin depressed basal GLUT1 gene transcription,
to 105 mol/L A23187 (light gray), and 105 mol/L CsA A (diagonal lines).from 18.45
 2.24 to 6.93
 0.51 (% conversion of labeled
The highest activity was measured in cells exposed to the combined
chloramphenicol to acetylated metabolites, P  0.05, 105 mol/L A23187 and 105 mol/L CsA (dark gray; Table 3). (B) A
representative autoradiograph showing: (1) control (DMSO); (2)ANOVA), and while 105 mol/L CsA elicited a robust
A23187; (3) CsA; and (4) A23187 plus CsA.response, 38.39 
 3.10, phloretin 104 mol/L completely
suppressed any activation of GLUT1 gene transcription
by 105 mol/L CsA, 6.82 
 0.37 (P  0.05, ANOVA;
Fig. 6).
CsA toxicity and cell pH
Table 3. Activity of CAT in LLCPK1-GPCAT-a cells
exposed to cyclosporine A and A23187In view of increased lactic acid levels, we considered
the possibility that the response to CsA was complicated Condition CAT activitya
by intracellular acidosis. Accordingly, pH homeostasis
Control 9.28
0.04
was estimated from measurements of Na/H exchange A23187 14.83
0.57b
CsA 20.69
0.20band steady-state cell pH (pHi) in LLCPK1-GPCAT-a cells
CsA and A23187 37.85
2.09bc(below) cultured for 24 hours in the presence and ab-
Control	 0.1% DMSO; A23187	 10mol/L; CSA	 10mol/L cyclosporinesence (0.1% DMSO) of CsA 105 mol/L, without and
A. CAT activity represents % conversion of labeled chloramphenicol by lysates
with 103 mol/L amiloride (N 	 4, Fig. 7). Whereas of transfected LLCPK1-GPCAT-a cellsa. The data summarize three independent ex-
periments, illustrated in Figure 4.24-hour exposure to 105 mol/L CsA inhibited the rate
The experimental values are significantly different from controlb or from CsA
or A23187 alonec, P  0.05 (ANOVA)of Na/H exchange (0.100 
 0.006 to 0.075 
 0.007;
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Fig. 6. Chloramphenicol acetyltransferase (CAT) activity in LLC-
PK1-GPCAT-a cell lysates assessed by  radioactivity scanning. Included are
Fig. 7. Steady-state intracellular pH (A) and Na/H activity (B) in LLC-the results of four independent experiments (A) and two representative
PK1 cells cultured for 24 hours prior to measurement with vehicle (,autoradiographs (B). The data are expressed as % conversion of labeled
DMSO 0.1%), 103 mol/L amiloride ( ), 105 mol/L CsA (), and 103chloramphenicol (CAT activity). Control basal CAT activity (C) was
mol/L amiloride plus 105 mol/L CsA ( ). Steady-state intracellular pHactivated by exposure to 105 mol/L CsA for 24 hours. In contrast,
was stable in all groups; however, CsA significantly reduced Na/Hexposure to 104 mol/L phloretin for 24 hours (P) reduced basal CAT
activity (N 	 4; P  0.05, ANOVA).activity and also when added to cyclosporine A (P and CsA). The
lower autoradiographs include CAT activity in cells transfected with
the positive control vector pRSVCAT ().
[46, 47] and tubules [47–49], sometimes causing kidney
failure in humans and rats [43, 50]. We tested the primary
P  0.05), it did not affect cell pH (7.333 
 0.022 to hypothesis that activation of the GLUT1 gene and atten-
7.315 
 0.019). Twenty-four–hour incubation with only dant glycolysis protects renal cells from CsA nephro-
amiloride did not alter the rate of Na/H exchange toxicity [5, 10, 51]. CsA was tested in vitro on cloned LLC-
(0.101 
 0.010), although Na/H exchange was lower PK1-GPCAT-a cells, and the results demonstrated that the
in cells incubated with amiloride plus CsA for 24 hours drug increased glucose consumption and lactate produc-
(0.080 
 0.009; P  0.05). Nonetheless, pHi was still tion. Remarkably, the generated acid load did not de-
maintained under these stressful conditions to 7.306 
 press cytosolic pH, even while Na/H exchange activity
0.016 and 7.309 
 0.015, respectively. We reasoned that was reduced by CsA [51]. Hence, greater proton loads
CsA inhibition of Na/H exchange made the cells vul- from adaptive glycolysis appeared to be buffered inde-
nerable to injury, and tested whether additional Na/H pendently of Na/H exchange, perhaps by Na-inde-
pendent acid efflux systems [52]. However, these putativeexchange inhibition amplified CsA cytotoxicity and
Na-independent mechanisms were of limited importanceGLUT1 gene transcription activation (N 	 3, Fig. 8).
in cyclosporine injury, as cytotoxicity and transcriptionalCyclosporine A 105 mol/L and amiloride 2 105 mol/L
activation of the GLUT1 gene were dramatically magni-evoked a slight increase in LDH release and GLUT1
fied by further inhibition of Na/H exchange.transcription. However, when both agents were added
Glucose consumption and glycolysis were accompa-concurrently, cytotoxicity and activation of GLUT1 tran-
nied by higher rates of GLUT1 gene transcription, andscription were greatly enhanced.
by correspondingly greater levels of GLUT1 mRNA and
cognate protein. These cellular responses were critical
DISCUSSION for cell survival, as interruption of glucose influx and gly-
Cyclosporine A is a cyclic undecapeptide with valuable colysis magnified CsA cytotoxicity. Interestingly, CsA ap-
immunosuppressor properties that are limited by its peared to stimulate two pathways of GLUT1 gene ex-
pression: transcriptional and non-transcriptional. Whereasnephrotoxicity [43–45]. The drug injures renal glomeruli
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In accord with the constitutive nature of GLUT1 [41],
LLCPK1-GPCAT-a cells expressed robust CAT basal activity,
which was stimulated by A23187, as shown previously [5],
and also by CsA. These effects were additive, indicating
that life-sustaining GLUT1 transcriptional responses are
preserved in multiple types of cell stress [5, 19, 53, 54].
The importance of maintaining GLUT1 gene expres-
sion during CsA cytotoxicity also is evident from our
discovery that CsA activates two modes of GLUT1 gene
expression. GLUT1 nuclear transcription requires glu-
cose influx, and perhaps energy derived from its metabo-
lism, as indicated by GLUT1 transcriptional suppression
in cells exposed to phloretin, an inhibitor of glucose
influx and glycolysis [5]. The mechanisms by which glu-
cose influx, or its metabolism, support GLUT1 gene tran-
scription in cells are unknown, but clearly are not limited
to renal epithelial cells, as indicated by conclusive work
on mesangial cells [55].
On the other hand, when glucose influx and glycolysis
were blocked [5, 56], higher GLUT1 mRNA and protein
levels were still preserved, at a time when the strong
proximal GLUT1 promotor was markedly inhibited. In
other words, two regulatory systems appear to assure the
expression of the GLUT1 gene product during noxious
stimulation by CsA. We can only speculate that these two
regulatory levels act in accord with the energy state of
the cell. GLUT1 gene transcription is the driving force
that protects renal cells when glucose influx is not com-
promised. However, when restricted glucose influx lowers
energy production by limiting glycolysis [5, 57], GLUT1
Fig. 8. Chloramphenicol acetyltransferase (CAT) activity in LLC- gene expression is still activated by a non-transcriptional
PK1-GPCAT-a cell lysates assessed by  radioactivity scanning. Included
system. Indeed, these two modes of GLUT1 gene regula-are the results of three independent experiments (A and B), and all
autoradiographs (C). CsA 105 mol/L ( ) and amiloride 2 105 mol/L tion have been reported during inhibition of oxidative
( ) increased the percent release of cell LDH after 24 hours. When phosphorylation [7, 14], a severe metabolic derangementthe two agents were added concurrently () their cytotoxic effects
that could result from CsA injury [58]. Together thesewere greatly magnified. GLUT1 transcription (CAT activity) also was
increased in similar proportion (middle). The lower panel includes all data lead to the conclusion that activation of the GLUT1
autoradiographs of CAT activity in cells transfected with the positive
gene is a common life-sustaining response to cell injury.control vector pRSVCAT ().
This response is elicited by at least two activating systems
that may be operational at various degrees of toxicity
and metabolic compromise. This systematic redundancytranscriptional activation required glucose influx and
underscores the critical importance of the GLUT1 geneperhaps glycolysis, higher GLUT1 mRNA and protein
for cell survival and eventual recovery.levels were maintained, even after suppression of gene
transcription by interruption of glucose influx and glyco-
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